An Fe-0.2C-5Mn-2.5Al medium manganese steel is studied for three different intercritical annealing temperatures T IA to observe the effects of variations of retained austenite stability on the mechanical work hardening in uniaxial tension. Digital image correlation (DIC) showed that both Lüders bands and type A Portevin-le-Châtelier (PLC) bands occurred in samples with a lower T IA , but both disappeared when T IA was increased. In-situ measurements of sample magnetization with a correction for stress effects on the magnetic properties of the sample allowed for continuous measurement of the retained austenite volume fraction. This method provided a complete characterization of the kinetics of transformation-induced plasticity (TRIP) in the sample over the course of tensile testing. It is shown that the martensite transformation was purely strain-induced and coincided with the passage of both Lüders and PLC bands. An Olson-Cohen model was applied to magnetic data to attempt to explain the differences in TRIP kinetics with varying T IA .
Introduction 1
Increasingly stringent vehicle emissions standards and a high consumer 2 demand for fuel efficient vehicles have led to the development of a third 3 generation of advanced high strength steels (AHSS) with complex multi-4 phase microstructures. One such alloy family is Medium Manganese steels.
5
Medium Mn steels are composed of an ultra-fine-grained (UFG) mixture of 6 ferrite, retained austenite, and in some cases martensite. They can achieve 7 high ductility and high work hardening due to transformation-induced plas-8 ticity (TRIP) or twinning-induced plasticity (TWIP) in the austenite phase, 9 which locally harden the steel and delay mechanical instability [1] [2] [3] . Previ-10 ous studies on Medium Mn steels have shown total elongation values of up 11 to 70% and ultimate tensile strengths (UTS) ranging from 800 to 1500MPa
12
[4-8]. These steels are intended for high formability in that an initially duc- 13 tile steel can be hardened significantly during the forming process, thereby 14 achieving mechanical strength criteria without complicating the forming pro-15 cess. Despite this potential, these steels present some challenges for forming 16 operations because the adiabatic heat generated at high strain rates could 17 suppress the TRIP effect, resulting in a loss of hardening capacity.
18
In order to create an UFG microstructure, the steel is generally homoge- However, the high strain rates used in forming operations can stabilize the 28 retained austenite via adiabatic heating and result in a significant loss in 29 hardening capacity. This illustrates the need to understand how the stability 30 of the austenite is related to the kinetics of the martensite transformation 31 during TRIP. This study will seek to establish a method of characterizing the 32 TRIP kinetics that could be used in future work to optimize compositions 33 and high strain rate performance of TRIP steels.
34
Proper characterization of the kinetics of the TRIP effect in a particu-35 lar alloy requires the volume fraction of retained austenite to be measured 36 as a function of strain. This is notoriously difficult to do, however, as dif- as a function of strain by X-ray diffraction (XRD) [13] and magnetization 43 measurements using a ferritescope [13] [14] [15] ple annealed at 740
• C is provided in Figure 1a for the unstrained state and in and initial phase volume fractions. As the retained austenite is metastable,
95
it can transform to α (bct) martensite when mechanically loaded, thereby 96 resulting in high strain hardening 1 .
97
1 Sometimes (hcp) martensite appears as an intermediary phase between γ and α . In the material studied, no martensite was observed in TEM or XRD so it is assumed that the retained austenite transformed directly to α martensite when plastically strained. If martensite were present, the magnetic measurements would include it within the ferromagnetic volume fraction (not with the retained austenite).
(a) (b) Figure 1 : (a) Microstructure of a sample annealed at 740
• C in the unstrained state. The microstructure consists of ultra-fine-grained ferrite (the "smooth" phase in the image) and retained austenite (phase with a rougher surface topography) with a roughly isotropic morphology. (b) Microstructure of a sample annealed at 740
• C after straining to rupture. A significant portion of the retained austenite has transformed to blocks of acicular martensite. The images are taken in the plane of the rolling direction (horizontal) and normal direction. Tension was applied in the rolling direction.
5
XRD was used to determine the initial austenite volume fraction for each 98 intercritical annealing temperature. X-rays were produced with a Co-K α 99 source with an energy of 6.915 keV. As XRD is a surface measurement, 
141
When Lüders and/or PLC bands were observed, the width and angle of 142 strain bands were characterized using ImageJ [32] . Images of the longitudinal 143 strain field where the bands were clearly defined were selected and 8 line plots
144
of the strain level were analyzed along the tensile direction in each image.
145
The resulting peaks in the line profiles were fitted with Gaussian functions.
146
The full width mid height (FWMH) was used to calculate band width and geometries is that of the measurement depth, or "skin depth", e, which is 161 related to the frequency in the driving coil by
where σ is the electrical conductivity of the sample and µ its magnetic per- While specific bands cannot be correlated to specific increases in martensite 188 fraction, the existence of bands in both tensile and magnetic data over the 189 same ranges would strongly indicate their coincidence.
190
Figure 3: Schematic of the magnetic measurement system. A primary coil (H-field) placed around the tensile sample induced a magnetic H field in the sample, and the current thereby induced in the sample is measured by the probe coil (B-field) and converted to magnetization, M . The coils are enclosed in two ferrimagnetic yokes to contain the magnetic fields.
By cycling the current applied to the driving coil at a frequency of 2Hz, 
where ferrite, martensite, and austenite are represented by the subscripts In-situ magnetization measurements of a sample annealed at 760
• C during unloading after straining until a point just before necking. During unloading, the microstructure does not change (i.e. no TRIP occurs), yet the magnetization increases. This is a result of the Villari effect. The magneto-mechanical coupling demonstrated herein must be corrected if measurements are to be made under an applied stress.
Stress Correction

225
If measurements of the sample magnetization are to be made in-situ, 226 then the effect of the applied stress on the magnetic properties must be 227 taken into account since it has been shown that even modest loads can have 228 a non-negligible impact on magnetization [39] . A model has been recently 229 developed, which was used to predict the magneto-mechanical coupling in is calculated from Boltzmann statistics:
where A s is a fitted parameter proportional to the magnetic initial suscepti- 
where η is a constant that can be identified using magnetization measure- 
266
This relationship between susceptibility and stress applies to the magnetiza-267 tion level as well, so a stress-sensitive "saturated" magnetization is defined
Equation (3) is thus modified to become
which provides a correction to the ferromagnetic volume fraction f α+α for a 271 magnetic saturation value M s obtained with applied stress σ.
272
The effect of the stress correction is shown in Figure 6 for a sample an- • C as functions of plastic strain as calculated from in-situ data with and without the stress correction developed in this study. High levels of stress reduce the measured magnetization and result in several percent difference in calculated volume fractions.
Localization Correction 279
The ratio presented in Equation (3) is the most commonly used method 280 of calculating the ferrite + martensite volume fraction using magnetic mea-281 surements. However, these equations require the assumption that the field 282 H is uniform throughout the microstructure, which is not true as the neg- 
then the solution to the Eshelby problem will give 
with χ = M /H. With the magnetic susceptibility of the ferromagnetic phase 297 defined as χ α = Mα /Hα, it follows that
where the volume fraction of the ferromagnetic phase is defined as 
Finally, by combining Equations (15) and (17), f α reads
However, this expression is only valid considering the initial suscepti- 
The volume fraction of ferromagnetic phase thus obtained provides a second 
for the case without applied stress and
to account for the Villari effect and measured saturation M in the current case.
320
If Equation (21) showed significant yield point elongation in the form of a Lüders plateau.
340
The samples annealed at 780 • C. The stark difference in magnitude between the first band and those that follow suggests two different underlying mechanisms. It is proposed that there is an initial Lüders band followed by PLC-type bands.
As can be seen in Figure 11 , the velocity of the PLC-type bands decreased 393 roughly linearly with total strain while the strain rate in the band remained can locally redistribute solutes and thus significantly change the local SFE.
410
Figure 11: Calculated band propagation velocities and the strain rate within each band plotted as a function of the nominal strain for the sample annealed at 740
• C. The velocities of the PLC-type bands decrease roughly linearly with strain while the strain rate in the band remains more or less constant for bands occurring after the Lüders band.
Magnetic Measurements
411
The in-situ measurement of sample magnetization throughout tensile An important clarification must be made. Because the magnetic measure- 
455
The correction of the stress effect on magnetization allowed stress-induced 456 and strain-induced martensite transformations to be separated and showed 457 that no stress-induced transformation occurred during elastic deformation. 
where the α parameter is related to both the number of shear bands and 464 the stacking fault energy of the austenite, β accounts for the probability Table 2 . a sample upon which these magnetic measurements are made).
507
This system was employed to study the effects of intercritical annealing 
525
The experimental procedures established were intended to study the ef- 
